We investigated the patterns of two-dimensional spatial distortions in human amblyopia, using three different psychophysical mapping procedures. Strabismic and strabismic-anisometropic amblyopes showed consistent distortions, consisting in enlargement, shrinkage, or torsion of portions of the tested visual field. Purely anisometropic amblyopes and strabismics with alternating fixation showed increased spatial uncertainty, but no consistent distortions. For all groups of subjects, there was a very good correspondence between the patterns of distortion obtained with the three methods. We conclude that the spatial distortions are robust across different procedures. They might reflect a genuine rearrangement of the cortical topography as a result of strabismus.
Introduction
Good quality of the images of the two eyes is a pre-requisite for successful visual development. Disturbances occurring in early childhood, like an ocular misalignment or an uncorrected refractive imbalance of the two eyes, often lead to a loss of binocular functions, which in turn can lead either to the chronic suppression of one eye-followed by a plethora of functional losses in the central pathway connected to this eye-or to the alternating suppression of each eye, while the other eye is taking up fixation.
The most disrupting consequences occur with constant interocular suppression. The functional losses in the suppressed (''lazy") eye are known as amblyopia, or ''dull vision". The most obvious effects are the impairments in visual acuity and contrast sensitivity, but other losses, like abnormal contour interaction (''crowding"), mislocalization of visual stimuli, disturbed oculomotor functions and disrupted eye-hand coordination, have also been reported (for reviews see Hess, 1982; Levi & Carkeet, 1993) . Some of the most intriguing manifestations of amblyopia are the spatial and temporal misperceptions reported by the subjects, especially those with a history of strabismus. Their visual world is perceived as spatially distorted and temporally unstable (c.f. Sireteanu, 2000) .
There are several ways to capture the subjective misperceptions in amblyopic vision. One of them is to ask the subjects to describe and draw the percept of their amblyopic eye (Barrett, Bradley, & McGraw, 2004; Barrett, Pacey, Bradley, Thibos, & Morill, 2003; Bäumer & Sireteanu, 2006; Hess, Campbell, & Greenhalgh, 1978; Pugh, 1958; Sireteanu, Lagrèze, & Constantinescu, 1993) . The second approach consists in a point-by-point mapping of a portion of the visual field, using either a visual reference (Bedell & Flom, 1981; Bedell & Flom, 1983; 1989; Lagrèze & Sireteanu, 1991) , or a mixture of visual and acoustical instructions (Bonneh, Sagi, & Polat, 2007; Bäumer & Sireteanu, 2006; Lagrèze & Sireteanu, 1991; Popple & Levi, 2005; Sireteanu et al., 1993) .
Recently, we re-investigated the spatial misperceptions in amblyopic vision, using a combination of the two approaches (Bäumer & Sireteanu, 2006; Sireteanu, Bäumer, Sârbu, & Iftime, 2007) . We found that point-by-point mapping obtained with mixed-instructions produces idiosyncratic, consistent patterns of distortions, which affect mainly subjects with a history of strabismus and a dense amblyopia. As reported earlier (Sireteanu et al., 1993) , these two-dimensional distortion maps did not predict accurately the way of seeing of the amblyopic subjects, suggesting that the assumption of an isomorphic transformation, with preserved neighborhood relationships, on which our interpolations were based, is not fulfilled in the amblyopic brain .
The purpose of the present study was to investigate the role of the experimental procedure on the robustness of the patterns of spatial distortions in amblyopia. We wondered whether these patterns might vary with the set of instructions used to obtain them. To test this hypothesis, in a first experiment, we used mixed, visual-and-auditory instructions, and investigated the role of the duration of the visual stimulus. In a second experiment, we compared the mappings obtained with mixed instructions to those obtained using purely visual instructions, by keeping a fixed duration of the visual stimulus. We found that the overall patterns of distortions were robust over presentation time and instruction modality, indicating that each subject has his/ her own ''fingerprint" of spatial distortions.
Methods

Selection of the subjects, inclusion criteria
The study was based on data from 11 experimental subjects: eight amblyopic subjects with strabismic (n = 3), strabismic and anisometropic (n = 3) and purely anisometropic (n = 2) amblyopia, and three strabismics with alternating fixation. Twelve normally-sighted subjects were included as controls. The ages of the experimental subjects ranged from 20 to 45 years (mean age 30.8 years), those of the control subjects from 19 to 33 years (mean age 28.1 years). Criteria for inclusion in the study were: no known ocular, neurological or psychiatric diseases; no medication taken prior to the experiments. Prior to the experiments, the subjects were given a complete orthoptic examination by a professional orthoptist. This examination included: anamnesis; assessment of subjective and objective refraction; corrected visual acuity for far and for near, using a decimal Snellen acuity chart with LogMAR spacings (C-test for single and crowded optotypes); Lang, TNO and Titmus tests for stereopsis; the Bagolini striated glasses in connection with the Maddox cross for the assessment of retinal correspondence. Fixation pattern was assessed with the aid of a visuscope.
To be classified as unilaterally amblyopic, the subjects had to show a difference of at least two lines Snellen acuity for single optotypes. Subjects with decimal Snellen acuities over 0.5 were considered to be mildly amblyopic; acuities of 0.2-0.5 were considered medium amblyopia, while subjects with acuities under 0.2 were considered as deeply amblyopic. Subjects with a refraction difference of at least 2 diopters spheric equivalent were deemed anisometropic (see Table 1 ).
The subjects were recruited by leaflets distributed in the Frankfurt area and by word-of-mouth. They were remunerated (10.00 € per hour) for their participation. Testing was done in accordance with the tenets of the Declaration of Helsinki. Written informed consent was obtained from all subjects after the nature and purpose of the study had been fully explained. The study had been approved by the Ethics Committee of the Frankfurt University.
Procedure
The method of the first experiment was based on a modification of the original method developed by Lagrèze and Sireteanu (1991) . The subjects were asked to memorize circles of different radii, presented to their dominant eye, and then reconstruct them point-by-point, using either the dominant or the non-dominant eye. Two subconditions were used in this experiment: the circle could be presented either for 5 s (replicating the conditions used by Bäumer & Sireteanu, 2006; Lagrèze & Sireteanu, 1991; Sireteanu et al., 2007) , or for 1 s.
The subjects were seated in front of a computer monitor, in a darkened room. The observer's head was placed on a chin-rest, in order to keep an eye-to-monitor distance of 57 cm. The subjects were asked to fixate monocularly a small cross (25 arcmin arm length and 4 arcmin arm width) at the center of the screen, after which a circle of one of six possible radii (1°, 2°, 3°, 4°, 5°or 6°) was presented for a fixed duration (5 or 1 s). The subjects were asked to memorize the radius of the circle, after which they heard a number ranging from 1 to 12, similar to the hours on an analogical watch. The task of the subjects was to move a small target (a disk with a diameter of 30 arcmin) from the fixation point to the test position on the memorized circumference of the circle, with the aid of the computer mouse. This position was recorded. The computer programm permitted movement of the target only after completion of the fixed inspection time. The subjects were instructed to keep fixation on the central cross throughout this procedure. A control experiment using an infrared eye-tracker, performed prior to the beginning of the experimental series, ensured that fixation could be hold during the inspection time.
To ensure that the stimuli were visible only to one eye at a time, the subjects wore red-green goggles throughout the experiments. The stimuli on the screen were presented in colors perfectly matched to the colors of the goggles. The fixation cross and the circles to be memorized were shown only to the fixating eye, while the test dot could be shown to each eye in turn. The acoustically presented numbers which indicated the angular positions of the target were previously recorded on tape and offered to the subjects through loudspeakers situated symmetrically on the right and left of the monitor screen. A separate control experiment indicated that all recorded numbers could be understood perfectly by all subjects (Bäumer, 2006) . The radii of the circles, the different angular positions and the colors corresponding to the two eyes were intermixed randomly. Each position was recorded five times for each position and each eye.
In the second experiment, a single target (a disk with a diameter of 30 arcmin) was presented for 5 s to the dominant eye, at positions corresponding to the positions of the target points in the previous experiment. The subjects were asked to memorize the position of the target and then reproduce it from memory, using either the dominant or the non-dominant eye. The different positions on the imaginary circles and the colors of the targets were randomly intermixed. All other conditions were identical to those of the first experiment. All subjects were naïve to the purpose of the experiments. The experimental subjects participated in all three experiments, scheduled on three separate days. The order of the experiments was randomized across subjects.
Analysis of the results
For each tested position, we recorded the radial (distance from the fixation point, in degrees visual angle) and angular (angle measured counterclockwise from the right horizontal meridian, in angular degrees) coordinates of each setting. These coordinates were averaged for each of the 72 tested positions and each eye of each subject (mean settings are shown by green and red dots for the dominant and non-dominant eyes in Figs. 1 and 3 ). Spatial displacements were defined as the two-dimensional Euclidian distances between a certain position and the mean setting for this position. Standard deviations of the settings were calculated separately for the radial and angular dimensions, again for each position and each eye of each subject. The sizes of the two-dimensional standard deviation areas (expressed in deg 2 ) were taken as a measure of spatial uncertainty . In Figs. 2 and 4-9, standard deviation areas are indicated by green and red areas for the dominant and the non-dominant eye, respectively.
The vectorial subtraction of the mean settings of the dominant eyes from the mean settings of the amblyopic eyes was used to build twodimensional maps representing the spatial distortions for each subject and each condition. The mean settings of the dominant eyes provided the bases, the mean settings of the non-dominant eyes the tips of the vectors (for details, see Lagrèze & Sireteanu, 1991; Sireteanu et al., 1993 Sireteanu et al., , 2007 . If neighboring vectors pointed in similar directions, we speak of coherent distortions. Lack of coherence between neighboring vectors is defined as spatial jitter. In view of the complexity of the individual patterns of distortions, no attempt was made to give a quantitative measure of spatial coherence or jitter. Instead, we opted for a detailed descriptive analysis of the mapping patterns of all experimental subjects.
To evaluate the group differences between the magnitude of the distortions obtained with the different procedures, statistical analysis was performed using a repeated-measures multivariate analysis of variance (MANOVA) model which included eye and position of the test points as independent variables and amount of spatial distortions (mean lengths of the vectors connecting the mean settings of the two eyes) and of spatial uncertainties (mean standard deviation areas of the settings of each eye) as dependent variables. Differences were deemed significant if p < 0.05.
Results
Experiment 1: Two-dimensional mappings with mixed instructions: The role of stimulus duration
The aim of the first experiment was to probe for the robustness of the distortion patterns obtained with the mixed-instruction procedure, by comparing the results obtained with a 5-s exposure with those obtained with a 1-s exposure.
Normally-sighted observers
For normally-sighted subjects, the positions of the targets were veridically replicated. The angular settings on the cardinal meridians (horizontal and vertical) showed smaller deviations from the target position (smaller displacements) and smaller standard deviation areas than on the oblique meridians. The radial components did not differ consistently between the different meridian (for an example, see Fig. 1 ).
There were some individual variations in the location and precision of the settings. Nevertheless, the settings of the two eyes of the same subject did not differ consistently from each other (examples of three consecutive subjects are shown in Fig. 2 ). There were no consistent differences between the patterns obtained in the 5-s and the 1-scondition.
Experimental subjects
Figs. 3-7 show the patterns of distortion of all experimental subjects, with each aetiology group arranged in ascending order af acuity of the non-dominant eye.
3.1.2.1. Strabismic amblyopes. As expected, amblyopic subjects with a history of strabismus showed consistent distortions, consisting in idiosyncratic enlargements, shrinkages, or torsions of different portions of the tested visual field. In the 5-s-exposure condition, the deeply amblyopic, purely strabismic subject SG showed veridical settings for the innermost positions, a centripetal displacement of the more peripheral positions, more marked around the vertical meridian, and a clockwise torsion, especially in the upper visual field. These displacements affected both eyes, but were more pronounced for the amblyopic eye (see upper panels in Fig. 3) . A similar, somewhat less dramatic pattern of displacements was seen with the 1-s exposure (lower panels in Fig. 3) .
Vectorial subtraction of the settings of the two eyes of this subject showed a clear contraction on the vertical meridian, a clockwise torsion in the upper visual field and a less conspicuous, counterclockwise torsion in portions of the lower visual field (see left panels in Fig. 4) . In both conditions, the standard deviation areas were much larger for both eyes than in the normally-sighted control subjects (compare Fig. 4 with Fig. 2) .
The moderately amblyopic strabismic subject LP showed a slight expansion for the innermost positions and centrifugal displacements for both eyes at the more peripheral positions. Vectorial subtraction revealed no torsion, but a substantial jitter of the mean directions of the displacements, and a marked increase of the standard deviation areas. Again, the distortions affected both eyes (see Fig. 2 . Individual spatial distortion maps of three consecutive normally-sighted subjects, using mixed instructions. The left panels show the results of the subject in Fig. 1 (MW) . Subject OS: male, 31 years; subject SF: female, 31 years. The mean displacements are indicated by arrows (bases of the arrows: mean settings through the dominant eyes; tips of the arrows: mean settings through the non-dominant eyes). Green areas: standard deviation areas of the dominant eyes; red areas: standard deviation areas of the non-dominant eyes. middle panels in Fig. 4) . The strabismic subject with a mild amblyopia (KK) did not show consistent displacements, but an increased jitter at most tested positions, paired with an abnormally high spatial uncertainty (right panels in Fig. 4) For all subjects, the distortion patterns were qualitatively similar for the two presentation times, with the shorter exposure time showing a tendency to produce less pronounced distortions than the longer exposure time (compare upper and lower panels in Figs. 3 and 4) .
Strabismic-anisometropic amblyopes.
The deeply amblyopic, strabismic-anisometropic subject KB showed a consistent centrifugal displacement for the centralmost positions and an overall counterclockwise torsion of the settings of the amblyopic eye. The standard deviation areas were much larger than in the control subjects, mainly for the amblyopic eye. There was an excellent correspondence between the patterns of displacements obtained with the two exposure times (compare the upper and lower left panels in Fig. 5) .
The moderately amblyopic subject KF showed a slight, but consistent expansion for the centralmost positions, a counterclockwise torsion in the left upper visual field and a clockwise torsion in parts of the lower visual field (see middle panels in Fig. 5 ). The mildly amblyopic strabismic-anisometropic subject KL showed a dilation of the innermost positions and an increased uncertainty at most positions, affecting both eyes (see right panels in Fig. 5 ). Abnormally high spatial uncertainty areas were seen with both exposure times (compare Fig. 5 with Fig. 2). 3.1.2.3. Anisometropic amblyopes. For the two purely anisometropic amblyopes (AR and FA), the settings were highly irregular. For subject AR, the standard deviation areas were substantially larger in both eyes than in the control subjects. The settings of the mildly amblyopic subject FA were similar, for both eyes, to those of the normallysighted subjects. None of the purely anisometropic amblyopic subjects showed systematic displacements with any exposure time (see Fig. 6 ).
Strabismics with alternating fixation.
The mappings of the strabismic subjects without amblyopia and with alternating fixation (TG-F, JM and PG) did not differ qualitatively from those of the normally-sighted subjects. For both exposure times, the subjects showed somewhat larger standard deviation areas and a slightly increased jitter in comparison to the normally-sighted subjects (see Fig. 7 ).
Summary of Experiment 1
The overall patterns of distortion obtained with the two stimulus durations did not differ qualitatively from each other. Occasionally, shorter stimulus durations produced less pronounced distortions (shorter vectors; see for instance subject SG in Fig. 4 ) and less uncertainty (smaller standard deviation areas; see subject KB in Fig. 5 ). Nevertheless, the statistical comparison of the overall results reveals that these tendencies do not reach statistical significance for any of the conditions of this experiment (for normally-sighted observers, differences between the two exposure times yielded p = 0.22, F = 1.69 for mean vector lengths and p = 1.00, F = 0.00 for mean standard deviation areas; for the group of experimental subjects, we obtained p = 0.22, F = 1.73 for mean vector lengths and p = 0.12, F = 2.81 for mean standard deviation areas).
With both exposure times, both the mean vector lengths and the mean standard deviation areas were significantly larger for the experimental group than for the normallysighted observers (for the 5-s-exposure, p = 0.007, F = 11.17 for the mean vector lengths and p = 0.049, F = 5.01 for the standard deviation areas; for the 1-s condition, p = 0.006, F = 12.24 for the mean vector lengths and p = 0.018, F = 8.05 for the mean standard deviation areas).
The results of this experiment demonstrate that consistent deformations of the visual space are shown mainly by amblyopes with a history of strabismus. The subjects with the deepest acuity loss (SG, LP, KB and KF) showed the most pronounced distortions. Thus, both a strabismic misalignment and a deep acuity loss seem to be pre-requisites for the occurrence of spatial distortions in amblyopic vision.
Experiment 2: Two-dimensional mappings with purely visual instructions: The role of instruction modality
The aim of the second experiment was to check whether the combined instructions used in the first experiment had an influence on the spatial distortion maps. The same subjects as in Experiment 1 were tested, using purely visual instructions. The target was always a single disk of 0.5°d iameter, presented for 5 s at one of the 72 positions used in the previous experiment. 
Normally-sighted observers
As in Experiment 1, the settings of the normally-sighted subjects were very close to the veridical positions of the targets. There were no consistent differences between the two eyes of the same subject (not illustrated).
Experimental subjects
The mean settings, the vectorial subtractions and the standard deviation areas of the experimental subjects are presented in Figs. 8 and 9. 3.2.2.1. Strabismic and strabismic-anisometropic amblyopes. Overall, the settings obtained with purely visual instructions were more regular than those obtained with mixed instructions. Nevertheless, the strabismic and strabismicanisometropic subjects with a deep amblyopia (SG, LP, KB and KF) showed systematic distortions, including centripetal displacements, mainly on the vertical meridian (SG), overall centrifugal displacements (subject LP), centrifugal displacements of the centralmost positions (subjects KB and KL), and clockwise (SG and KL) or counterclockwise (KB and KF) torsions of parts of the tested visual field. Standard deviation areas were increased in both eyes of these subjects. The mildly amblyopic subject KK did not show any systematic distortions (see Fig. 8 ). The patterns of distortions were qualitatively very similar to those obtained in the same subjects in Experiment 1 (compare Fig. 8 with Figs. 2 and 4) .
3.2.2.2. Anisometropic amblyopes, strabismics with alternating fixation. The two subjects with purely anisometropic amblyopia (AR, FA) showed mostly an irregular spatial jitter and increased positional uncertainty (see upper panels in Fig. 9 ). Coherent displacements were seen only occasionally (see for instance the clockwise and rightward expansion in the right upper quadrant of subject FA). One of the strabismic subjects with alternating fixation (TG-F) showed a slight leftward displacement in parts of the upper visual field. The settings of the two other subjects with alternating fixation (JM and PG) were extremely precise, showing practically no displacements (see lower panels in Fig. 9 ).
Summary of Experiment 2
Consistent with Experiment 1, strabismic and strabismic-anisometropic subjects with a deep amblyopia showed profoundly distorted spatial maps, while anisometropic amblyopes, strabismics with alternating fixation and subjects with mild amblyopia showed mainly an increase in Fig. 5 . Individual spatial distortion maps of strabismic-anisometropic amblyopes, using mixed instructions. Legends as in Fig. 2. overall jitter. A statistical comparison of the group results revealed that mean vector lengths obtained with purely visual instructions were significantly higher for the experimental than for the normally-sighted group (p = 0.002, F = 17.96), while the differences in mean standard deviation areas did not reach statistical significance (p = 0.071, F = 4.08).
Comparison of the two experiments
An inspection of the results of the two experiments suggests that, in spite of the qualitative similarity of the distortion patterns, there might have been consistent differences between the results obtained with the different procedures: thus, the purely visual distortion maps showed more coherence (less jitter) than the visual-acoustical maps obtained in the same subjects. However, a statistical analysis of the results reveals that neither the mean vector lengths nor the mean standard deviation areas differ significantly between the two conditions (p = 0.59, F = 0.31 for mean vector lengths and p = 0.11, F = 2.96 for mean standard deviation areas).
The absence of significant differences between the group results obtained in the different conditions, as well as the good agreement between the individual patterns of distortions obtained with purely visual instructions with those obtained with visual-and-auditory instructions, confirm our hypothesis that the patterns of spatial distortions in human amblyopia are topologically invariant.
General discussion
The main result of this study is that the patterns of spatial distortions assessed with a point-by-point mapping procedure are robust across experimental procedures. With the exception of occasional variations, there was an excellent agreement between the three methods. The stimulus duration had a minor effect, in that shorter stimulus durations occasionally resulted in more veridical settings.
Overall, the maps obtained with purely visual instructions were more uniform than those obtained with mixed instructions. One of the possible explanations might have been that, in the mixed-instructions condition, the information on the radius of the circle was stored in short-term memory, while that on the angular position of the target had to be retrieved from an internal map, built through years of experience. Retrieval of the imagined position of the hour of the watch might have posed a particular strain on the central pathway of the amblyopic eye. This might have manifested itself as an increased uncertainty, which might have obscured any underlying coherent displacements (see also Bäumer, 2006; Sireteanu, Bäumer, & Sârbu, 2005) .
Still, the overall concordance of the patterns of spatial distortions obtained with the three procedures suggests that the idiosyncratic expansions, constrictions and torsions of portions of the visual field might reflect a genuine rearrangement of the cortical topography in the amblyopic brain.
In previous studies, we presented evidence that the spatial distortions in strabismic amblyopes are related to the non-uniform distribution of retinal correspondence over the visual field of these subjects (Lagrèze & Sireteanu, 1991; . Interestingly, the amblyopic subjects who showed substantial distortions in the present study had a history of strabismus, a deeper acuity loss, a complete loss of stereopsis and anomalous retinal correspondence-while those without consistent distortions had a mild acuity loss, a refractive aetiology and occasional residual binocularity with normal retinal correspondence (see Table 1 ). Thus, the results of the present study suggest that substantial spatial distortions might result as a consequence of a stabilization of anomalous interocular connections.
Still, anomalous stabilization of interocular connections cannot completely explain the pattern of spatial distortions described here. Indeed, in some strabismic amblyopic subjects, regions of clockwise torsion collide with adjacent regions of counterclockwise torsion, leading to consistent expansions or contractions along specific meridians (see for instance subjects SG, KF and KL in Fig. 8 ). We suggest that these local non-uniformities might result as a consequence of the development of partially consolidated islands of cortical connections, which can drift unpredictably on the weakened neural substrate. These plates might collide or drift apart, creating ridges of increased vectorial density, or rarefied trenches. These patterns of spatial distortions show a striking resemblance to the patterns seen with melting polar ice, where, after partial melting, the individual ice blocks might drift apart or overlap with each other (for a comparison, see Fig. 10 ).
One can only speculate about the origin of the weakening of the cortical substrate. One possibility could be the interocular suppression which occurs early in childhood, in order to prevent diplopia; another could be a genetic predisposition. Our results suggest that, when paired with an early ocular misalignment, this weakness might lead to an anomalous, piece-meal stabilization of cortical connections. Regardless of their origin, the consistency of the patterns of spatial distortions in amblyopic subjects with a history of strabismus suggests a deeply disturbed cortical representation of spatial order in these subjects. These deficits might be related to impairments in regions of the dorsal extrastriate visual pathway Simmers, Ledgeway, Mansouri, Hutchinson, & Hess, 2006) , up to the posterior parietal cortex ; but see Levi & Tripathy, 2006) . In several cases, not only the settings of the amblyopic, but also those of the fellow eyes depart consistently (even if to a lesser extent) from the target positions (see for instance the strabismic amblyopes SG and LP). This reinforces the suggestion that the amblyopic deficit might involve binocular regions of the posterior parietal cortex (c.f. . These regions are believed to be involved in the representation of spatial order in the human brain (Marschuetz, Reuter-Lorenz, Smith, Jonides, & Noll, 2006; . Several hypotheses have been put forward to explain the spatial distortions in amblyopia, ranging from a neural scrambling (Hess, 1982) , a neural undersampling (Levi & Klein, 1986) , an uncalibrated disarray of cells (Hess & Field, 1994) or an intrinsic spatial disorder (Levi, Klein, Sharma, et al., 2001 ). Our findings can be partially explained in terms of these hypotheses. However, while increased jitter and larger spatial uncertainty areas can be interpreted as an expression of neural disarray, additional neural mechanisms are necessary to explain the distortion patterns in subjects with a deep strabismic amblyopia.
Recently, Barrett et al. (2003) proposed a modified model of neural undersampling in amblyopia. They suggested that the thinning-out of the cortical columns receiving inputs from the affected eye might lead to an underrepresentation of certain orientations, and that this relative imbalance could explain the consistent non-veridical perception in amblyopic vision. In spite of the obvious appeal of this interpretation, caution is warranted. According to Adams and Horton (2006) , who studied the effects of strabismus on column width in strabismic monkeys, ''multiple factors may control column width, including (but not restricted to) genetic make-up, post-natal eye alignment and the degree of cortical development at birth, each of which may vary in individual animals." In spite of their consistency, the spatial distortions assessed perceptually in human amblyopia cannot be completely predicted on the basis of a point-by-point psychophysical mapping procedure Sireteanu et al., 1993) . Thus, the results of a point-by-point mapping might be based on Fig. 8 . Individual distortion maps of strabismic and strabismic-anisometropic subjects, using purely visual instructions. Legends as in Fig. 2. activity of a different cortical region than those of the perceptually experienced distortions.
The interpretation offered by Barrett et al. (2003) is further complicated by the fact that, although ocular dominance columns were demonstrated in adult normally-sighted humans, no evidence of column shrinkage was seen in strabismic or anisometropic amblyopic humans (Horton, 2006; Horton & Hedley-Whyte, 1984; Horton & Hocking, 1996; Horton & Stryker, 1993) , nor in macaque monkeys with naturally occurring anisome- Fig. 9 . Individual distortion maps of anisometropic amblyopes and strabismic subjects with alternating fixation, using purely visual instructions. Legends as in Fig. 2 . tropic amblyopia (Horton, Hocking, & Kiorpes, 1997) . Instead, a reduction of metabolic activity was seen in the striate cortex of macaques with experimental strabismus, consistent with the occurrence of regional suppression scotomas (Horton, Hocking, & Adams, 1999) . The occurrence of such metabolically less active regions after long-term strabismic suppression might provide the weakened substrate necessary for the explanation of the patterns of distortions described in this study.
One way to address these questions would be a direct investigation of the cortical involvement in the different kinds of amblyopia. Results from our own laboratory, using functional Magnetic Resonance Imaging (fMRI) suggest that the amblyopic eye becomes progressively disconnected at higher levels on the ventral extrastriate pathway (Muckli et al., 2006 ; see also Li, Dumoulin, Mansouri, & Hess, 2007a) . Interestingly, the fidelity of the cortical retinotopic map appears to be impaired at different levels on the ventral extrastriate cortex (Li, Dumoulin, Mansouri, & Hess, 2007b) . Still, there is no indication about the region in the human brain where the rearrangements in strabismic amblyopia might be located. Further studies, including regions on the dorsal extrastriate pathway, are needed to answer this question.
Conclusions
The patterns of spatial distortions in strabismic amblyopia are robust across different mapping procedures. We conclude that they reflect a genuine rearrangement of the topography of the cortical map as a result of an early strabismus. These results are consistent with the suggestion that the spatial deficits in amblyopia originate from the disturbed cortical binocularity (McKee, Levi, & Movshon, 2003) . It seems that both an aetiology of strabismus and a deep acuity loss are good predictors for the occurrence of cortical rearrangements, which are subjectively experienced as a spatially distorted visual world.
